Alternative splicing occurs in the C-terminal region of the p53 tumor suppressor gene between two alternative 3′ splice sites in intron 10. This alternative splicing event has been detected in murine cells, but not in rat or human tissues. In this paper, we have characterized the pattern of p53 alternative splicing in cell lines from five different species. Our results confirm that p53 alternative splicing is speciesspecific, being detected only in cell lines of rodent origin. Using transient transfection assays, we have established that the rat p53 gene undergoes efficient alternative splicing in both mouse and rat cell lines, thus demonstrating that it has all the necessary cisacting sequences to be alternatively spliced. In contrast, we were unable to detect any usage of the human alternative 3′ splice site under the same experimental conditions. Thus, the low levels or absence of alternatively spliced p53 mRNA in rat and human cell lines seems to be the result of different mechanisms. Our results support the hypothesis that there are species-specific mechanisms implicated in the regulation of p53 activity.
INTRODUCTION
The p53 tumor suppressor gene plays a very important role in oncogenesis, as it is mutated in nearly 50% of most types of tumors (1, 2) . The p53 protein is involved in the G 1 /S and G 2 /M transitions of the cell cycle, in a pathway responsible for DNA damage repair and in the induction of apoptosis (3) (4) (5) (6) . After various forms of cellular stress such as DNA damage or hypoxia, p53 protein levels are greatly increased, mainly by protein stabilization (7) (8) (9) . Following these augmented levels, p53 will send signals to downstream effectors which will ultimately lead to cell cycle arrest or apoptosis (8) (9) (10) . The p53 protein can positively or negatively regulate the transcription of several cellular genes and binds directly to cellular and viral proteins (5) . Furthermore, p53 is able to directly recognize damaged DNA (11) (12) (13) and to promote re-annealing of both DNA and RNA (14, 15) .
The p53 protein contains four functional domains, an N-terminal transcriptional activation region (amino acids 1-42), a proline-rich domain (amino acids 61-94) involved in growth suppression and apoptosis, a central sequence-specific DNAbinding domain (amino acids 102-292) and a C-terminal region (amino acids 293-393). The C-terminal region can be subdivided into a flexible linker, a tetramerization domain and a DNA and RNA annealing domain which can also bind single-stranded DNA without any sequence specificity (6) . The C-terminal region of p53 plays a direct role in sensing damaged DNA and it has been suggested that this region allosterically regulates p53 DNA-binding activity, possibly by masking the DNA-binding region located in the central part of the molecule (3, 5, 6 ).
An alternative splicing event has been described in the murine p53 gene between exon 10 and two alternative 3′ splice sites, one located at the border of exon 11 (3′R) and the other (3′Cas) located 96 nt upstream of the regular 3′ splice site (16) (17) (18) . The presence of a stop codon in the 96 nt insert from intron 10 results in production of a protein of 381 residues in which the last 26 amino acids of the regular p53 (p53R) are missing and are replaced by a 17 amino acid sequence of unknown function, unique to the alternatively spliced p53 (p53Cas) (18) .
The p53R and p53Cas gene products have distinct biochemical activities and are functionally different. The p53Cas protein has constitutive sequence-specific DNA binding whereas the p53R protein requires activation for efficient DNA binding (19) (20) (21) . While p53R has RNA and DNA annealing activities, p53Cas lacks these activities (15) . It has also been reported that murine p53Cas induces apoptosis in myeloid cells, albeit with kinetics that are different from the p53R isoform (22) . Finally, although both p53 isoforms can inhibit growth of cells lacking endogenous p53, endogenous p53R and p53Cas proteins respond to DNA damage with different kinetics of nuclear accumulation and efficiencies of binding to a p53 consensus DNA sequence (23) .
p53Cas RNA has been detected in both murine cells lines and normal mouse tissues (17, 18) . Using a p53 antibody specific for the alternatively spliced form of p53, it has been shown that the p53Cas protein is preferentially expressed during the G 2 phase of the cell cycle, in contrast to the regular p53 protein, which is preferentially expressed in G 1 (18) . In addition, p53Cas is differentially expressed in proliferating epidermal cells when compared to differentiating cultures (18) or at different stages of keratinocyte differentiation (24) . The timing of p53Cas and p53R RNA and protein synthesis during the cell cycle could be important in p53 biochemical functions *To whom correspondence should be addressed. Tel: +1 819 564 5284; Fax: +1 819 564 5340; Email: alavigue@courrier.usherb.ca
The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors which are mediated by interaction between two protein products of the wild-type p53 gene (21) . The marked increase in DNA-binding activity of p53Cas relative to p53R implies that a potential mechanism for activating p53 function in a cellular context could be by increasing the relative amount of p53Cas to p53R.
Recently, a more complex alternative splicing pattern generating four different isoforms in the C-terminal region of p73, a protein having substantial functional and structural similarity to p53, has also been described in the human p73 gene (25, 26) . Another closely related member of the p53 family, named p63, also exhibits a complex pattern of alternative splicing that is conserved between the murine and human genes in both the N-and C-terminal regions (27) .
In this paper, we have characterized the alternative splicing pattern in the C-terminal region of the p53 gene from different cell lines and species and have used transient transfection assays to study the molecular basis for the difference observed in the alternative splicing pattern of the C-terminal region of the rat, murine and human p53 genes.
MATERIALS AND METHODS

DNA sequences
The DNA sequences have been deposited in GenBank under the following accession nos: mouse, AF190269; rat, AF190270; hamster, AF190271; gorilla, AF190272.
Cell lines
All the cell lines were grown in DMEM supplemented with 10% fetal bovine serum and an antibiotic/antimycotic mix (100 U/ml penicillin G, 100 µg/ml streptomycin, 0.25 µg/ml Fungizone) (Gibco), with the exception of the HeLa cell line, which was grown in RPMI 1640, and the CHO cell line, which was grown in α-MEM. Both the RPMI 1640 and α-MEM media were supplemented with 10% fetal bovine serum and an antibiotic/antimycotic mix (100 U/ml penicillin G, 100 µg/ml streptomycin, 0.25 µg/ml Fungizone) (Gibco).
Probes for RNase protection
Probe MT7C-E9. The murine probe MT7C-E9 corresponding to the mouse p53Cas cDNA was generated by in vitro transcription on a PCR template containing the T7 RNA polymerase promoter region (28) . The PCR template was generated by amplification of a p53Cas cDNA with oligonucleotides E9S1 (5′-AACCACTTGAT-GGAGAGTATTTCACC-3′) and T7Cas (5′-TAATACGACCAC-TATAGGGAAGGCTTGGAAGGCTCTAGGCTGGAGG-3′). The p53Cas cDNA was obtained by reverse transcription of cytoplasmic mRNA purified from the N2A cell line.
Probe MT7E-E9. The murine probe MT7E-E9 corresponding to the mouse p53R cDNA was generated by in vitro transcription on a PCR template containing the T7 RNA polymerase promoter region (28) . The PCR template was generated by amplification of a p53R cDNA with oligonucleotides E9S1 (5′-AACCACTTGATGGAGAGTATTTCACC-3′) and T7E11A1 (5′-TAATACGACTCACTATAGGGTCAGTCTGAGTCAG-GCCC-3′). The p53R cDNA was obtained by reverse transcription of cytoplasmic mRNA purified from the N2A cell line.
Probe HT7E-PuI. The human probe HT7E-PuI was generated by in vitro transcription on a PCR template containing the T7 RNA polymerase promoter region (28) . The PCR template was generated by amplification of the plasmid pπp53 with oligonucleotides T7E11A1 (5′-TAATACGACTCACTATAGGGTCAGT-CTGAGTCAGGCCC-3′) and HPuInS1 (5′-GGTAAGGGAA-GATTACGAGAC-3′).
Probes Mp53L and Rp53L. The mouse probe Mp53L and the rat probe Rp53L were generated by in vitro transcription with T3 RNA polymerase on plasmids pTEP Mp53L and pTEP Rp53L digested with NheI. A 181 nt BamHI-NheI fragment from phage λ was inserted between the p53 minigene and the SV40 polyadenylation signal of pTEP Mp53 to generate pTEP Mp53L and of pTEP Rp53 to generate pTEP Rp53L.
Probe Hp53B. The human probe Hp53B was generated by in vitro transcription with T3 RNA polymerase on plasmid pTEP Hp53 digested with BglII.
RNase protection of endogenous p53 mRNA from cell lines
Extraction of cytoplasmic RNA was done using the NP40/urea method as described previously (28) . RNA hybridization was performed essentially as described previously (29) . Hybridization was performed overnight at 55°C with the mouse probe MT7C-E9 for the mouse, rat and hamster cell lines and with the human probe HT7E-PuI for the human and monkey cell lines. Following hybridization, the RNA was digested with 50 U of RNase T1 and 0.05 µg of RNase A at 30°C for 1 h. The mouse MT7C-E9 and human HT7E-PuI RNA probes were synthesized by in vitro transcription with T7 RNA polymerase and radiolabeled with [ 32 P]UTP as described previously (28) .
RT-PCR analysis of RNA from cell lines
Cytoplasmic RNA from cell lines was extracted by the NP40/ urea method (28) . Reverse transcription with AMV reverse transcriptase was done at 42°C for 30 min, using the E11A7 oligonucleotide primer (5′-ACTTTCTTAGCCATTGTTTT-3′) for mouse, hamster and rat cell lines or the MPuA2 oligonucleotide primer (5′-AGACTGGCCCTTCTTGGTCT-TCAGG-3′) for human and monkey cell lines. Following denaturation at 94°C for 1 min, PCR was performed for 30 cycles (94°C for 1 min, 65°C for 1 min), with a final incubation at 72°C for 2 min, using the primers E10S1 (5′-GTCTC-GAGCGCTTCGAGATGTTC-3′) and MPuA2. PCR products were run on a 5% polyacrylamide gel with 0.5× TBE.
PCR amplification of the p53 exon 10-exon 11 region
The mouse p53 exon 10-exon 11 region was amplified by PCR from plasmid pM53R-18 containing the p53 gene from the CB7 cell line (30) using oligonucleotides E10S1 (5′-GTCTC-GAGCGCTTCGAGATGTTC-3′) and E11A1 (5′-GGAA-GCTTCAGTCTGAGTCAGG-3′). PCR was performed for 30 cycles (94°C for 1 min, 55°C for 1 min). The human p53 exon 10-exon 11 region was amplified by PCR from the plasmid pπp53 containing the human p53 gene from human fetal liver (kindly provided by Dr L. Crawford, ICRF, London, UK) using oligonucleotides E10S1and E11A1. PCR was performed for 30 cycles (94°C for 1 min, 55°C for 1 min). The gorilla p53 exon 10-exon 11 region was amplified by PCR with oligonucleotides E10S3 (5′-TGTTCCGAGAGCTGAATGAGGCCT-3′) and E11A1, using gorilla genomic DNA (kindly provided by Dr G. Boissonneault, Université de Sherbrooke, Sherbrooke, Canada). PCR was performed for 40 cycles (94°C for 1 min, 50°C for 1 min, 72°C for 1 min). The rat p53 exon 10-exon 11 region was amplified by PCR with oligonucleotides E10S4 (5′-CG-CTTCGAGATGTTCCGGGAGCTGAAT-3′) and Rp53A1 (5′-GGACTAGCATTGTCTTGTCAGC-3′), using genomic DNA extracted from rat kidneys. PCR was performed for 40 cycles (94°C for 1 min, 60°C for 1 min, 72°C for 1.5 min). The hamster p53 intron 10-exon 11 region was amplified by PCR with oligonucleotides PuIn (5′-GGTGAAAGGGAGGA-TAAACTGA-3′) and E11A1, using genomic DNA extracted from hamster kidneys. PCR was performed for 40 cycles (94°C for 1 min, 60°C for 1 min, 72°C for 1.5 min).
DNA sequence analysis of PCR products
All the DNA sequences were determined using a Pharmacia sequencing kit (Pharmacia) and [ 35 S]ATP. Oligonucleotides E10S1 and E11A1 contain, respectively, XhoI and HindIII restriction sites that were used to clone the PCR fragments into the plasmid pBluescript KS+ (Stratagene). The mouse p53 sequence (CB7) was determined from two independent plasmids (pMp53) generated from cloning of DNA fragments derived from two independent PCR reactions. The PCR fragments were digested with XhoI and HindIII and cloned into the plasmid pBluescript KS+ digested with XhoI and HindIII. The sequence was determined using the universal and reverse primers (Pharmacia) with the pMp53 plasmid and a derivative plasmid obtained by deletion of an internal NheI-XbaI fragment. The human p53 sequence was determined from a plasmid (pHp53) generated from cloning of a DNA fragment obtained by PCR. The DNA from the PCR reaction was digested with XhoI and HindIII and cloned into the plasmid pBluescript KS+ digested with XhoI and HindIII. The sequence was determined using the universal and reverse primers with pHp53 and derivative plasmids obtained by EcoRI-EcoRI and BglII-BamHI internal deletions. The gorilla p53 sequence was determined from a plasmid (pGop53) generated from cloning of a DNA fragment obtained by PCR. The DNA from the PCR reaction was cloned into the plasmid pBluescript SK+ digested with EcoRV. The sequence of the 3′-region was determined using the reverse primer with pGop53. The rat p53 sequence was determined by direct cycle sequencing of a PCR reaction from the rat p53 gene with oligonucleotides E10S4 and E11A1 on an Applied Biosystems 373A (University of Calgary Sequencing Services) and also from a plasmid (pRp53) generated from cloning of a DNA fragment obtained by PCR. DNA from the PCR reaction was cloned in the plasmid pBluescript KS+ digested with EcoRV. The sequence was determined using oligonucleotides E10S4 (5′-CGCTTCGAGATGTTCCGGGAGCTGAAT-3′), E11A1 and E11A4 (5′-GATCAAGGCTTGGAAGGCTCTAG-GCTGGA-3′) with pRp53. The hamster p53 sequence was determined from a plasmid (pHap53) generated from cloning of a DNA fragment obtained by PCR. A DNA fragment from the PCR reaction was cloned in the plasmid pBluescript KS+ digested with EcoRV. The sequence was determined using the universal and reverse primers with pHap53.
p53 minigene expression vectors and transient transfection assays
The exon 10-exon 11 region of the mouse, rat and human p53 genes were inserted into the pTEP expression vector, a derivative of pCMVSV containing the cytomegalovirus (CMV) promoter region and the poly(A) signal from SV40 virus (kindly provided by Dr B. Chabot, Université de Sherbrooke, Sherbrooke, Canada) (31). In Figure 5A (lanes 1-3), cells were transfected with 2 µg of plasmid DNA and 4 µl of Fugene (Roche) according to the supplier's recommendations. Cytoplasmic RNA was isolated 48 h after transfection by the NP40/ urea method as described previously (28) and RNA samples were subjected to DNase I digestion. RNA hybridization was performed essentially as described (29) . Cytoplasmic RNA and the Mp53L probe were hybridized at 50°C overnight. RNase digestion was performed with 100 U of RNase T1.
In Figure 5A (lanes 4 and 5), cells were transfected with 2 µg of plasmid DNA and 4 µl of Fugene (Roche) according to the supplier's recommendations. Cytoplasmic RNA was isolated 24 h after transfection by the NP40/urea method and subjected to DNase I digestion. RNA was hybridized overnight at 50°C with the Mp53L probe and digested with 100 U of RNase T1 (lane 4) or with the Hp53B probe and digested with 100 U of RNase T1 and 0.1 µg of RNase A (lane 5). In Figure 5B , cell were transfected with 2 µg of plasmid DNA and 4 µl of Dosper Liposomal Transfection Reagent (Boehringer) according to the supplier's recommendations. Cytoplasmic RNA was isolated 48 h after transfection by the NP40/urea method and treated with DNase I. RNA was hybridized overnight at 50°C with the MT7E-E9 probe and digested with 100 U of RNase T1. In Figure 5C , cells were transfected with 2 µg of plasmid DNA and 4 µl of Fugene (Roche). Cytoplasmic RNA was isolated 24 h after transfection by the NP40/urea method and digested with DNase I. RNA was hybridized overnight at 50°C with the Mp53L probe (lanes 1 and 2) or with the Rp53L probe (lanes 3 and 4) and digested with 100 U of RNase T1.
RESULTS
Analysis of expression of the p53R and p53Cas isoforms in cell lines
As a first step in characterization of the alternative splicing event affecting the C-terminal region of the p53 gene (Fig. 1) , we analyzed the levels of p53Cas and p53R mRNA in cell lines from five different species. To determine the relative frequency of utilization of the two alternative 3′ splice sites of the p53 gene, we analyzed the steady-state levels of mRNA of each type by RNase protection assays and by RT-PCR ( Table  1) . As shown by the RNase protection assay depicted in Figure  2A , although the ratio p53R:p53Cas varied between cell lines, the alternatively spliced p53 mRNA (p53Cas) was readily detected in all the murine cell lines tested. Quantification of the two murine isoforms by phosphorimaging indicated that p53Cas is expressed at levels varying between 2 and 26% of the p53R mRNA. Analysis of the expression of the two different p53 isoforms in rat cell lines also showed the presence of low (NRK cell line) to very low (FR3T3, IEC6, IEC6ras, NRK and NBTII cell lines) levels of p53Cas in these cell lines using the RNase protection assay or RT-PCR with incorporation of radiolabeled [ 32 P]dCTP (Fig. 2) . We were unable to detect any p53Cas in one monkey, two hamster and seven human cell lines despite the fact that we easily detected the p53R isoform in these cell lines (Fig. 2) .
Sequence analysis of the p53 exon 10-exon 11 region from different species
To gain a better understanding of the differences observed in the p53R:p53Cas ratio between the different species analyzed above, we first analyzed the DNA sequence of the alternatively spliced p53 region to see whether cis-acting sequences could explain the observed differences. To do so, we amplified by PCR the region between exon 10 and exon 11 from cloned genomic fragments (murine and human p53 genes) or genomic DNA (gorilla, hamster and rat p53 genes) with p53-specific oligonucleotides (Fig. 3) .
The region between exon 10 and exon 11 of the human p53 gene produced a PCR fragment of 1105 bp compared to PCR fragments of 778 and 884 bp for the murine and rat p53 genes, respectively. The hamster p53 gene was amplified with oligonucleotides located in intron 10 and exon 11 giving an amplification product of 293 nt ( Fig. 3 and Materials and Methods).
Sequencing of an exon 10-exon 11 PCR fragment amplified from a plasmid containing part of human p53 was done to ensure that the amplified p53 fragment used to generate our human p53 expression vector did not suffer mutations in its 5′ and 3′ splicing signals during the process of PCR amplification. The human p53 DNA we obtained was shown to have a 5′ splice site and 3′ splicing signals identical to the splicing signals of the published human p53 gene (GenBank accession nos X54156 and U94788). Similarly, we determined the sequence of the murine exon 10-exon 11 region from the erythroleukemic cell line CB7 (30) . The DNA sequence of the mouse alternatively spliced 3′-region was found to be identical to the previously published sequence of this region (16) . In addition, the sequence of the exon 10-exon 11 region of the murine p53 gene was determined from genomic DNA isolated from the Balb/c cell line. The sequence of the 5′ splice site and the alternatively spliced 3′-region of the p53 gene from the CB7 and Balb/c cell lines were found to be identical (M.Laverdière and A.Lavigueur, unpublished results). The complete DNA sequence of rat p53 intron 10 and the sequences of the hamster and gorilla p53 3′-region of intron 10 were also determined (Fig. 4) .
As determined by DNA sequence analysis, the size difference between the human and the rodent p53 genes is due to the presence of an Alu element present in intron 10 of the human gene. While the same region from the gorilla p53 gene was not sequenced completely, the size of the PCR amplification fragment (~1100 bp) and the very close evolutionary distance between these two species is consistent with the presence of an Alu element in intron 10 of the p53 gorilla gene. One peculiar feature of the murine and rat p53 genes is the presence of TGA/ G triplet repeats in intron 10 of both genes. Two stretches of 10 and 14 triplets were found in the murine gene whereas a stretch of 20 repeats was present in the rat gene (Fig. 4) .
Comparison of the homology between the murine, rat and human p53 intron 10 sequences showed 78% conservation of nucleotides between the murine and the rat gene, whereas only 42% of the nucleotides were identical between the mouse and human p53 intron 10 sequences, excluding the Alu element (Tables 2 and 3 ).
The comparison of the 5′ and 3′ splicing signals of the 3′Cas and the 3′R region among themselves and with consensus sequences revealed some interesting features. Although there was a 1 nt difference at position +3 between the murine and rat and human p53 5′ splice site, the exon 10 donor splice site from these three species matched the 5′ splice site consensus sequence gtRAGT (Fig. 4) . Similarly, the 3′R splice site of human, rat and mouse did not deviate significantly from the consensus 3′ splice site Y(n)AG with the human 3′R splice site having a somewhat poorer match to the consensus than the murine and rat genes. The human 3′R polypyrimidine tract has Sequence alignment of the mouse, rat, human, gorilla and hamster p53 exon 10-exon 11 region. To facilitate the alignment, sequences corresponding to the Alu element in the human p53 gene were deleted (Hp53∆Alu). The 5′ splice site (5′SS), the alternative 3′ splice site (3′Cas) and the regular 3′ splice site (3′Reg) are indicated. The consensus GT dinucleotide at the 5′ splice site and the consensus AG dinucleotide at the 3′ splice sites are shown in lower case. a long stretch of 23 pyrimidines interrupted by two purines at positions -11 and -17, whereas the murine and rat polypyrimidine tracts contain only one purine at position -12. On the other hand, the 3′Cas splice site from the rat and murine genes showed a relatively short polypyrimidine tract of, respectively, 11 and 12 uninterrupted pyrimidines, whereas the human 3′Cas splice site showed a particularly poor pyrimidine stretch interrupted by several purines (Fig. 4) .
We also sequenced a region covering the 3′ splicing signals of hamster and gorilla p53. The hamster 3′ splicing signals showed a very strong homology to the rat and murine p53 counterparts with the only difference being a purine inserted at position -11 of the 3′Cas site (Fig. 4) . The sequence of the same region from gorilla showed that there was complete homology between the gorilla sequence and the human gene over the 180 nt shown in Figure 4 , indicating that the p53Cas polypyrimidine stretch interrupted by several purines that was detected in human is identical in this closely related species.
We noted the presence of a fairly good potential branch site in the mouse, rat and hamster p53Cas splice site with the A residue of the branch site consensus sequence (YNYYRAY) located at position -15 from the AG. A potential branch site with complete homology to the branch site consensus sequence was found in the human and gorilla p53Cas site with the A residue located at position -22 from the 3′ splice site AG dinucleotide (Fig. 4) .
It has been reported that the p53Cas mRNA encodes a protein with a stretch of 17 different amino acids in the Cterminal region (LQPRAFQALIKEESPNC) compared to the regular p53 protein (18) . Comparison of the translated amino acid sequence in the alternatively spliced region shows that the putative rat peptide (LQPRTFQALIKKESPNC) is very well conserved, since both the mouse and rat regions encode a 17 amino acid peptide with only two amino acid differences. In contrast, the putative Cas-specific protein sequence encoded by the hamster gene comprises only eight amino acids (LHPRAFQT) that show partial homology with the mouse sequence. The hypothetical Cas-specific C-terminal region encoded by the human p53Cas region (LRPFKALVREKGH-RPSHSCDVIFPPCFCLLQPPEVQKGSVYLPP) is even more divergent compared with the mouse sequence since the human p53 gene has the potential to encode a C-terminal region of 44 residues showing little homology with the murine sequence.
Analysis of the relative use of p53 alternative 3′ splice sites by transient transfection
Our analysis of the DNA sequencing data suggests that failure to use the p53Cas alternative splice site in the human gene could be due to its poor 3′ splice signal. On the other hand, the p53 rat gene may not use its Cas 3′ splice site in spite of a good 3′ splicing signal, possibly due to trans-acting factors. We decided to test the splicing potential of the Cas 3′ splice sites from the human, rat and mouse p53 genes by transfecting them into cell lines. The p53 splicing pattern was analyzed by RNase protection after transient transfection.
As shown in Figure 5A , transfection of the murine p53 expression vector into the murine N2A cell line readily led to the detection of exogenous p53Cas and p53R mRNAs. The production of a relatively similar p53Cas:p53R ratio from the transfected expression vector and the endogenous gene indicated that our minigene is sufficient for proper utilization of the 3′ alternatively spliced sites (Fig. 5A, lane 2) . Also, we detected both p53 mRNAs from the expression vector containing the rat p53 gene when transfected into the same murine cell line (Fig. 5A, lanes 3 and 4) , with a proportion of p53Cas mRNA significantly higher than in the rat cell lines analyzed in Figure 2 . On the other hand, we were not able to detect any human p53Cas mRNA in the N2A cell line, in spite of the fact that the human p53R mRNA was easily detected, suggesting that the Cas 3′ splice site from the human p53 gene is intrinsically very weak or non-functional (Fig. 5A, lane 5) .
We also transfected the Panc human cell line with the murine p53 expression vector. As a transfection control in this experiment, we used the murine N2A cell line (Fig. 5B, lanes 3 and  4) . As shown in this figure, we easily detected the p53R and p53Cas mRNAs from the murine p53 expression vector when transfected in both of these cell lines.
To test the ability of a rat cell line to use a p53Cas 3′ splice site, we transfected two rat cell lines (NBTII and NRK) which both express low levels of endogenous p53Cas mRNA. The NBTII cell line was transfected with the murine p53 minigene whereas the NRK cell line was transfected with the rat p53 minigene. As shown in Figure 5 , the p53R and p53Cas mRNAs produced from the murine p53 expression vector were easily detected when transfected into the NBTII cell line. The amount of p53Cas mRNA produced by splicing of the transcript encoded by the transfected vector (Fig. 5C, lane 2) was significantly higher than the p53Cas endogenous level observed in this rat cell line and the CB7 cell line (Fig. 2) , suggesting that the rat NBTII cell line can utilize the Cas 3′ splice site from the mouse p53 gene. Following transfection of the NRK cell line with the rat p53 minigene, we also easily detected the p53R and p53Cas mRNAs produced from the rat p53 expression vector. Surprisingly, the amount of p53Cas mRNA produced by splicing of the transcript encoded by the transfected vector (Fig. 5C, lane 4) was significantly higher than the p53Cas endogenous level observed in this rat cell line (Fig. 2) , suggesting that the low levels of endogenous rat p53Cas mRNA are not simply due to its p53Cas 3′ splice site, as suggested by the DNA sequence analysis. 
DISCUSSION
Analysis of the expression of the p53R and p53Cas isoforms in cell lines
The results we have obtained from RNase protection and RT-PCR analysis of cell lines show a broad variation in the ratio of the p53 isoforms among cell lines and between species. Among the different murine cell lines derived from various tissues that we have analyzed, we have detected the presence of the p53Cas mRNA in all cases, albeit with considerable differences between cell lines. It is possible that these differences are due to the cell type or differentiation state of the cells analyzed. Previously, such tissue-specific variations were also reported from the analysis of murine whole tissues (32) . It is also possible that in some cell lines other cis-acting sequences, such as splicing enhancers (33) (34) (35) (36) (37) or splicing silencers (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) (48) (49) , might be mutated in the p53 gene. This possibility is currently being investigated. Unlike Will and collaborators (32), we have detected small amounts of the p53Cas mRNA in some rat cell lines, indicating that the rat p53Cas 3′ splice site is used to some extent in these cell lines (Fig. 2) . It is possible that the apparent discrepancy between their results and ours is due to technical differences such as the use of cell lines instead of whole tissues, in the experimental conditions used for the RT or PCR reactions or the amount of starting material. For instance, we used up to 50 µg of total RNA from some cell lines to obtain a good signal from the p53R mRNA, likely reflecting a very low level of p53 mRNA in these cell lines. However, it is clear that the level of p53Cas in the rat samples is indeed relatively low to almost undetectable. The physiological implications, if any, of such low levels of p53Cas mRNA remain to be determined.
Our analysis of eight different cell lines derived from various human tissues failed to detect any p53Cas mRNA in spite of the fact that we obtained a strong signal for the p53R mRNA. Similarly, we did not detect any p53Cas mRNA in the CHO or BHK hamster cell lines or the monkey Cos-1 cell line. Thus, based on our results and the results of other groups (17, 32) , the production of p53Cas mRNA is almost exclusively detected in tissues or cell lines of rodent origin.
Sequence analysis of the p53 exon 10-exon 11 region from different species
The human p53 sequence shows that the p53Cas 3′ splice site has a poor polypyrimidine tract, suggesting that the lack of p53Cas mRNA might be due, at least in part, to cis-acting sequences. In addition, the reading frame after the human p53Cas splice site is different from the rodent sequences, since the putative human p53Cas peptide is 44 amino acids long and with a sequence very different from its murine counterpart. These results suggest that the human gene has suffered several mutations in the p53Cas region during evolution, leading to inactivation of this 3′ splice site and production of the p53R mRNA only. The DNA sequence from the same 3′ region of the gorilla p53 gene is completely identical to the human sequence (Fig. 4) , indicating that this sequence is not unique to the human p53 gene and making it highly unlikely that a sequencing error or a mutation in the parental pπp53 plasmid is responsible for the sequence differences.
The Cas 3′ splice site of the hamster p53 gene may represent an intermediate case, with a polypyrimidine tract poorer than the murine one but better than the human polypyrimidine tract. Although we would expect the hamster Cas 3′ splice site to be used rather weakly considering its splice site sequence, the splicing potential of this 3′ splice site remains to be established. Utilization of the hamster 3′ Cas splice site would lead to a putative hamster p53Cas-specific peptide with only eight amino acid residues that shows only limited homology to its murine counterpart, which has 17 amino acid residues.
Our DNA sequence analysis of the murine and rat p53 Cterminal region revealed that in spite of nearly identical 5′ and 3′ splicing signals, these two species use the p53Cas splice site quite differently. On the basis of sequence alone, it seems that the Cas splice site from the rat p53 gene should be functional. Furthermore, translation of the DNA segment encoding the putative rat p53Cas protein shows that the rat p53Cas protein should be identical in its C-terminal region to the murine p53Cas protein with the exception of two residues. These results suggest that although the rat p53 gene has the potential to encode a p53Cas protein very similar to the murine protein, regulation of p53 gene expression is different between these two species. This interpretation is supported by the observation that there are species-specific differences between the mouse and the rat p53 proteins in their phosphorylation (50) , as discussed previously by others (32) .
Although other genes are known to exhibit species-specific splicing patterns (51) (52) (53) (54) (55) (56) (57) , it is somewhat surprising that a gene very well conserved in evolution like the p53 gene displays such behavior (58) . In addition, a closely related member of the p53 gene family, named p63, shows a complex pattern of alternative splicing in both the C-and N-terminal regions which, unlike the p53 gene, is conserved between the mouse and human genes (27) .
Analysis of the relative frequency of utilization of p53 alternative 3′ splice sites from different species by transient transfection
The rat p53 gene has all the cis-acting sequences required for efficient use of the Cas 3′ splice site because it is readily used when expressed in a murine cell line. In fact, relatively large amounts of rat p53Cas mRNA were also made in the NRK rat cell line expressing high levels of the transfected rat p53 minigene. We also observed good utilization of the mouse p53Cas 3′ splice site in the NBTII rat cell line. Because the rat NBTII and NRK cell lines normally produce small amounts of endogenous p53Cas mRNA, our results suggest that rat cells may contain a factor that prevents use of the endogenous p53Cas 3′ splice site. We propose that the better utilization of the rat Cas 3′ splice site in this situation may be due to a larger amount of RNA produced in the transfections compared to endogenous levels. The excess of pre-mRNA might deregulate the splicing machinery, possibly by titrating a limiting or a negatively acting splicing factor, thereby leading to higher levels of alternatively spliced transcripts. Although these results indicate that the levels of expression of the rat p53 pre-mRNA we have obtained are not physiological, since regulation of alternative 3′ splice site selection is lost, they nevertheless show that the rat p53 gene has all the necessary cis-acting sequences to be spliced in both murine and rat cells. Thus, the lack of utilization of the endogenous p53Cas 3′ splice site in rat cell lines cannot be attributed to intrinsically poor consensus 5′ and 3′ splicing signals or to the lack of trans-acting splicing factors needed to recognize and utilize this 3′ splice site. These results do not rule out the possibility that cis-acting sequences contained in the rat p53 minigene are involved in splice site selection.
Indeed, it is possible that cis-acting elements such as a splicing silencer are present in the rat p53 gene, but have a weaker activity or are absent in the mouse p53 gene. Alternatively, it is possible that a splicing silencer is functional in both the rat and mouse p53 genes but that the levels of a factor recognizing this element is lower in mouse cells. Further experiments with hybrid constructs between the rat and the mouse p53 minigenes should help to map and identify such putative control elements. The presence of this type of regulatory element in intron 10 of the p53 gene would be consistent with a titratable factor negatively regulating utilization of the rat p53Cas 3′ splice site and possibly the murine p53Cas 3′ splice site.
The observation that the human Panc cell line can produce an easily detectable level of p53Cas mRNA from the murine expression vector indicates that this human cell line has all the necessary splicing factors to generate p53Cas mRNA from a heterologous murine p53 pre-mRNA. We have been unable to detect the production of any human p53Cas mRNA in mouse cells in spite of the fact that we readily detected p53R mRNA produced from the transfected human p53 expression vector in these cells (Fig. 5) . Also, we have been unable to detect the production of any human p53Cas mRNA in the rat NBTII cell line (data not shown), which is capable of producing large amounts of exogenous human p53R and easily detectable amounts of p53Cas mRNA from the transfected mouse and rat p53 expression vectors (Fig. 5C, lanes 2 and 4) . In conjunction with the DNA sequencing data, these results are consistent with a human p53Cas splice site that is intrinsically weak or non-functional. Our results cannot rule out the presence of a very strong negative regulatory element in the human p53 splicing unit inhibiting utilization of the human p53Cas mRNA in its natural context. Although such an element could overwhelm the titration effect observed when large amounts of premRNA are produced by transient transfection assays, this interpretation seems less likely. Again, hybrid constructs between the human and mouse p53 alternative splicing units should help resolve this issue.
Taken together, our results indicate that the mechanism of alternative splice site selection in the C-terminal region of the p53 gene varies according to the species and that although the human and rat p53 genes produce low or undetectable levels of p53Cas mRNA they seem to reach that goal by different means. Whereas the rat p53Cas 3′ splice site is functional, but possibly repressed by a titratable factor, the human p53Cas 3′ splice site appears to be intrinsically weak or non-functional.
It has been reported that splicing regulation of the alternative exon 6A is lost when rat recipient cells are transfected with a chicken β-tropomyosin minigene, suggesting that the process of inclusion of alternative exons involves regulatory elements and trans-acting factors (59) . In another study, the same group also reported that the differences in splicing regulation of the β-tropomyosin gene observed between the rat and chicken genes could be attributed to differences in the nucleotide sequences at the 5′ splice site, in the composition of the polypyrimidine tract and to the presence of an intronic splicing enhancer in exon 6A (57) . These results are consistent with our observations and with the presence of other putative splicing regulatory elements that may be overridden by overexpression of the pre-mRNA during a transient transfection assay.
Our results also indicate the presence of negative cis-acting regulatory sequences in the p53 minigene that may be recognized by a titratable factor. A similar titration effect leading to lack of regulation in the inclusion of exon IIIb of the FGF-R2 receptor was recently described and is consistent the interpretation of our data (60) . Identification of the cis-acting sequences and trans-acting factors responsible for the differences observed in the splicing pattern between the mouse, rat and human p53 genes will help to further clarify the mechanisms affecting splice site selection.
